Lunar Prospector, the first competitively selected planetary mission in NASA's Discovery Program, is described with emphasis on the radiation spectrometer instrumentation and anticipated scientific data return. Scheduled to be launched in January 1998, the mission will conduct a one year orbital survey of the Moon's composition and structure. The suite of five instruments are outlined: neutron spectrometer, alpha particle spectrometer, gamma-ray spectrometer, electron reflectometer and magnetometer. Scientific requirements and measurement approach to detect waterhce to a sensitivity of 50 ppm (hydrogen), measure key elemental constituents, detect radioactive gas release events and accurately map the Moon's gravitational and magnetic fields are given. A brief overview of the programmatic accomplishments in meeting a tightly constrained schedule and budget is also provided.
I. INTRODUCTION
Lunar Prospector (LP) is the first competitively selected mission in NASA's recently implemented Discovery program. The goals of the Discovery Program are to conduct low cost, frequent, focused planetary investigations which will invigorate the field of space science and stimulate public awareness. In particular, Discovery missions are constrained to have construction Lunar Prospector, with a total budget (including launch vehicle) of only $63 M and a hardware development time of less than two years from go-ahead through test complete, has already significantly exceeded the programmatic Discovery goals. Table  1 lists the primary team members and their key functions.
In the sections below, we will address the scientific objectives, instrument suite, mission, management approach and outreach program. Emphasis will be placed on the suite of gamma-ray, neutron and alpha particle spectrometers.
OBJECTIVES
The Moon occupies a central position in the scientific studies of terrestrial planets and in proposed future human space exploration. Despite the vast amount of data collected by Apollo, the majority of the investigations were concentrated on narrow regions around the lunar equator, leaving close to 80% of the Moon's surface features, structure and composition unmapped. To address this gap in our knowledge, the NASA Lunar Exploration Science Working Group defined the following set of measurement requirements:
(1) Determine globally the elemental and mineralogical composition of the surface;
(2) Determine globally the surface topography and gravitational field; (3) Map globally the distribution of surface magnetic anomalies and measure the magnitude of the induced dipole moment;
(4) Obtain a global image data base along with selected coverage in stereo and color; with the overall science mapping mission. These considerations resulted in a small, single string, ground controlled, spin stabilized spacecraft with minimal operational requirements and a fueled mass of only 305 kg. Use of a largely single-string design was determined not to pose excessive risk to mission success given the short duration and simplicity of the mission and the reliability of modern elecironics. A rigorous environmental test program which included structure vibration, acoustic, thermal vacuum and long periods of power-on "burn-in" established system reliability. Instruments were environmentally tested as separate units as well as with Ihe spacecraft system.
A. Spacecraft Bus, Power and Propulsion
AS shown in Figures 2 and 3 , the external part of the bus is a 1.37 m diameter, 1.28 m tdl, graphite-epoxy drum with surface mounted solar cells. The science instruments are mounted on three 2.5 m compressible fiberglass masts. Figure 4 shows the electron reflectometer (ER) during a mast deployment test with the magnetometer (MAG), mounted on a rigid 1.2 m boom extending beyond its main mast to isolate it from the ER and their common electronics. Det,ds of the spacecraft design may be found in Hubbard et a1 [ 11. 6) Measure globally the composition, structure, and temporal variability of the lunar atmosphere.
The 1994 Clementine technology demonstration mission sponsored by the Department of Defense with NASA scientific collaboration on the imaging system, largely satisfied measurement requirement (4) . The LP orbital mission will complete a significant portion of the global mapping program to better understand the Moon's origin, evolution, current state, and resources. In particular, LP will address or satisfy four of the six requirements (1-3 and 6) and provide the validation and ground truth for the Clementine multispectral data set.
MISSION DESCRIPTION AND LAUNCH VEHICLE
LP is scheduled for launch January 5, 1998 from the Spaceport Florida pad (Pad 46) at the Eastern Test Range, Cape Canavera1 Air Force Station. The launch vehicle is a three stage Lockheed Martin launch vehicle designated the Athena 11.
As shown in Figure 1 , the translunar coast will take 105 hours. Toward the end of the coast, a final midcourse maneuver will be performed and the spacecraft will be reoriented to its Lunar Orbit Insertion (LOI) burn attitude. Five days after launch, LP will reach the Moon and three LO1 burns (each lasting nearly 30 minutes) will put LP into its 118 minute, 100 km altitude, circular, polar mapping orbit.
Mapping will be completely passive, continuous, and will not normally require ground control. Tracking will be continuous in order to receive the downlinked data for monitoring the health of the spacecraft and instruments and for orbital determinations. Communications will be through the 26m sub-net of the Deep Space Network (DSN).
Iv. THE SPACECRAFT AND SYSTEMS DESIGN
Initial programmatic considerations of cost and schedule dittated that we maintain as simple a design as was compatible 
B. Communications, Control, Command and Data Hand 1 ing
The communication subsystem consists of an S-band transponder, a 0 db gain omni antenna with a 3x steradian antenna pattern for uplink and downlink and an 8 db helical, medium gain antenna with a 10" x 360" antenna pattern for downlink. The uplink data rate is 250 bps. The engineering-only downlink data rate and the science and engineering downlink data rate are 300 bps and 3600 bps, respectively. The spacecraft's spin rate (nominally 5 rpm) and attitude are determined on the ground from data derived from a sun sensor and an IR Earth/Moon limb crossing sensor. The three science masts, which are latched during the launch phase, are simultaneously released on ground command by a paraffin actuator. Once unlatched, the deployment rate of the booms is regulated by a single viscous damper. Depending on the temperature of the damper, the deployment event will take 6 to 12 minutes. Command and control of the spacecraft is achieved via the Command and Data Handling (C&DH) unit. This simple ground-commanded unit, which uses a microprocessor but is not an onboard computer, controls the space-GI aft.
V. SCIENCE INSTRUMENTS
Because LP was meant to be a very low cost spacecraft with minimal operational requirements, the payload instruments were chosen on the basis of the following criteria: high science value, low data rate, small mass, low power requirement, omnidirectional field of view, and proven capability based on heritage from previous missions.
Based on the above criteria, the instruments chosen are a Gamma Ray Spectrometer (GRS), a Neutron Spectrometer (NS), an Alpha Particle Spectrometer (APS), a Magnetometer (MAG) and an Electron Reflectometer (ER). A Doppler Gravity Experiment (DGE) which uses the Doppler tracking data for its measurements was also selected for the mission. With this simple payload, LP is satisfying or addressing all of the orbital mission science objectives and four of the six measuremmt requirements discussed above for lunar science. 
A. Gamma Ray Spectrometer
A bismuth germanate (BGO) scintillator gamma ray spectrometer will be used to map the composition of the lunar surface, thereby addressing measurement requirement (1). By detecting gamma-rays from naturally occurring radioisotopes as well as the gamma emission induced by the galactic cosmic ray background, the GRS will measure the surface abundances of a series of key elements (U, Th, K, 0, Si, Mg, Fe, Ti, Ca, and Al).
The GRS sensor consists of a 7.1 cm diameter by 7.6-cm long BGO crystal, placed within a 12-cm diameter by 20-cm long, well-shaped borated-plastic (BC454) anticoincidence shield (ACS), as shown in Figure 5 . Both scintillators are viewed by separate photomultiplier tubes, and enclosed within a cylindrical, graphite-epoxy laminate housing. This housing material was chosen to maximize strength per unit weight, yet provide minimal background that could interfere with determination of lunar surface abundances. The gamma-ray energy range of the GRS extends between 0.3 MeV and 9 MeV with a sampling resolution of 17.6 keV. The spectral time resolution of the GRS is 32 s, which gives a ground track distance of about 50 km. The sensor housing is wrapped with a thermostat-controlled heater, placed inside a thermal blanket that will provide a thermally stable operational environment of -28' C for at least 1.5 years.
Apollo-era GRS experiments were conducted using room temperature NaI(T1) devices. In order to improve the GRS sensitivity while avoiding the cryogenic cooling requirements imposed by high purity Ge, we chose to employ BGO which with its much higher stopping power has significantly greater efficiency than NaI(T1). To compensate for the poorer room temperature resolution of BGO we elected to cool the crystal through passive radiation as described above. First noticed by Melcher et a1 [ 2 ] , cooling increases the scintillation efficiency, thereby significantly improving the resolution. Laboratory tests on the BGO flight crystal demonstrate that reduction of the BGO temperature from 21' C (room temperature) to -28' C improves its spectral resolution from 12.2% to 9.6% full width at half maximum (FWHM), for 13' Cs 662 keV gamma rays.
Monte Carlo calculations which predict the expected response of the cooled BGO scintillator to the -90 line lunar spectrum + continuum are shown in Figure 6 [3] . (The continuum is dominated by gamma-rays scattered in the lunar regolith.) With a FWHM energy resolution comparable to NaI(T1) and a significantly greater efficiency, the Lunar Prospector GRS is, as a function of energy, 2 to 8 times more sensitive than the Apollo GRS. (Sensitivity is defined as counts in the full energy photopeak.)
The ACS of the GRS provides several functions. Most important is to identify and eliminate penetrating charged-particle events from the accepted gamma-ray spectrum. Its next function is to tag gamma rays that escape from the BGO crystal to reduce the Compton scattered portion of the BGO gamma ray response function. The spectrum of the Compton events (called the rejected spectrum) is separately telemetered to ground to allow a background reduction of the accepted spectrum through ground-based post processing. Figure 7 displays experimental data using a "Na isotoplc gamma-ray source which demonstrates that subtraction of the rejected spectrum from the accepted spectrum removes most of the scattered photons. Because the scattering process in the regolith which produces the lunar continuum is comparable to the scattering of photons which produce events at less than full-energy in the BGO, it is also possible to subtract the lunar continuum. Computer simulations indicate that increasing the multiple of rejected spectrum subtracted from the accepted spectrum provides a significant correction for the multiple scattering in the regolith.
A last function of the ACS is to detect neutrons using the boron content of the BC454. Events due to neutrons are tagged by the coincident detection of charged-particle recoils in the BC454 with a 478 keV gamma ray in the BGO, both resulting from the lOB(n,z~)~Li* reaction. Detection of such an event in isolation results from a thermal or epithermal neutron. Detection of a time-correlated pair of events where the first of the pair consists of a BC454 interaction only, and the second consists of the foregoing BC454-BGO coincidence, signifies a fast neutron that has lost all of its energy in the BC454. The ratio of these two count rates provides a sensitive measure of hydrogen as described below.
The elements mapped, their typical concentration ranges in the regolith and the time required to collect a minimum data set per 150 km resolution element at the equator are given in Table  2 . The precision of the data depends on counting statistics and increases with the square root of the integration time. Since the time spent over a resolution element increases with the secant of the latitude, the same quality of data obtained at the equator in 1 year is obtained in 8.5 months, 6 months and 10 days at 45",60", and 90" latitude, respectively. 
B. Neutron Spectrometer
One of the fundamental questions of lunar science is whether the Moon has any water ice. While it is known that any water the Moon may have originally had evaporated during its extremely hot formation period, it is proposed that water brought by cometary infall may have collected as ice, at the bottom of craters located at the north and south poles [4, 5, 6] . Using the NS and the GRS ACS as described above, we will determine the neutron flux ratios, which show a characteristic signature for hydrogen, to a depth of approximately 0.5 m and a sensitivity of -50ppm, the lower limit set by the solar wind background. The presence of hydrogen above the background is interpreted as due to the presence of water ice. Given the well known water ice composition of cometary material, alternative explanations such as large amounts of organics seem quite unlikely. Figure 8 displays the neutron spectrometer, which is paired with the alpha particle spectrometer (described later).
Achievement of the LP scientific objectives requires separate measurements of thermal, epithermal, and fast neutrons that leak outward from the lunar surface. All three components are needed to achieve maximum specificity to hydrogen, and hence minimum sensitivity to variations in regolith chemistry, by normalizing both the thermal and epithermal fluxes to the fast neutron flux. Figure 9 shows the discrimination between dry soil and regolith with varying amounts of water ice using the neutron fluxes. Note that the scale is logarithmic, an indication of the sensitivity to even small amounts o f water.
The NS consists of two identical 5 cm diameter by 20 cm long 3He filled gas proportional counters. One is covered with a 0.75 mm thick Cd shield, and so is only sensitive to epithermal neutrons having energies between about 0.25 eV and 10 eV. The second counter is covered with a 0.75 mm thick Sn shield and so is sensitive to both thermal and epithermal neutrons in the range between about 0 eV and 10 eV. The difference in counting rates of the two counters yields a measure of the flux of thermal neu-trons. Both counters are mounted on a chassis shared with the APS detector, as shown in Figure 8 . Fast neutrons will be measured using the ACS of the GRS, as explained previously. The sensitivity of the NS to H near the surface is given in Table 2 . Its sensitivity to spatially confined, possible deposits of polar ice and high concentrations of solar wind deposited H, would be greatly enhanced if the spatial resolution of the spectrometer were to be increased by a factor of 10 by lowering the orbital altitude of Lunar Prospector. A proposed extended mission in which the periselene is lowered to 10 km is described below.
C. Alpha Particle Spectrometer
The Apollo missions showed that the Moon, rather than being perpetually cold and dead as was once thought, experienced cataclysmic periods of volcanic activity when great seas of molten lava covered much of its surface. While this period occurred early in the history of the Moon (3.8 billion years ago), we now know that the Moon is still active. The Lunar Prospector alpha particle spectrometer (APS) will measure the alpha emissions of radon and polonium gas which are often released by tectonic and volcanic events. The location and frequency of these gas release events will help determine how active the Moon currently is and will help identify one of the major sources of the tenuous lunar atmosphere. Shown with the NS in Figure 8 , the APS will address aspects of lunar measurement requirement (6), temporal variability.
The APS searches for gas release events and maps their distribution by detecting alpha particles produced by the decay of gaseous 222Rn (an early daughter in the 238U decay series, halflife = 3.8 days), and *' ORn (an early daughter in the thorium decay series, half-life = 55 sec), and solid 210Po (a late daughter in the 238U decay series, half-life = 138 days, but is present on the surface for many decades because of the 20 year half-life of its immediate parent nucleus, 210Pb).
The APS detector consists of five pairs of 3 cm by 3 cm square (9 cm2 area) passivated ion implant silicon detectors, each placed on one face of a cube as shown in Figure 8 . Each detector is fully depleted to a depth of 55 pm, which is sufficiently thin to reduce the proton background in the prime energy range of Rn-decay alpha-particle lines (between 4.1 MeV and 6.6 MeV) to manageable levels. They are covered by thin, AI-coated polypropylene foils to ex(-lude visible light, and collimated to a 90" field of view (FOV) at half maximum. The combination of foil thickness, detector dead layer, and electronic noise give a spectral resolution of about 100 keV at 5.5 MeV. The combined FOV of the 5 faces provides nearly 27c steradians coverage, the only nearly blind spot is i n the direction of the bus and is caused by the detector base plate:.
VI. GRAVITY MAPPING
By using the spacecraft S-band transponder and measuring the Doppler shift in signal as a function of orbital position, the DGE will provide high-resolution measurements of the crustal gravity field across the lunar near side, long-wavelength gravity anomalies over the entire Moon and constraints on the lunar moment of inertia. Consequently the DGE will, in combination with Clementine topographic data, address measurement requirement ( 2 ) above and yield important insight into the mass concentration (mascon) anomalies detected by Apollo. A practical benefit to this measurement will be an "operational" gravity map which can be used to reduce the conservatism in the propulsion (delta-V) requirements for future lunar missions. This knowledge will result in reducing cost and increasing payload fraction available in the future.
A I p ha Part i c le S pect ro met e rlNe u t ron Spelt t rome t e r
Alpha
A. Magnetic Field Measurement
While the Moon's magnetic field is currently very small, -ock samples brought back by Apollo suggest that between 3 and 4 billion years ago a magnetic field existed which was comparable in strength to that of the Earth's. Using a triaxial fluxgate magnetometer paired with a microchannel plate electron reflectometer, the LP mission will map the strength and distribution of local magnetic fields over the entire surface of the Moon. This data will allow us to understand the current state of the Moon's magnetic field, and help us explain how the Moon's magnetic properties might have evolved since the early beginnings of the Moon. These global measurements of the lunar crustal magnetic fields and the induced magnetic dipole moment satisfy measurement requirement (3) above.
B. Science Mapping
Due to the uncollimated, omnidirectional nature of most of LP's instruments,. their intrinsic spatial resolution is low (150 km at the nominal 100 km mapping altitude), and they require long integration times to obtain their data. At the equator, the spacecraft will collect only 15 minutes of data per month per 150 km resolution. As a result, the full one year mapping mission will be required to obtain some of the desired data sets, e.g., for the GRS. By contrast, the initial NS search for polar ice deposits may take only a few days to a few weeks if these deposits are present in the quantities proposed by some researchers. Allowing time for data validation, we expect to be able to address the claims for large amounts of water ice within one to two months after launch.
If, as expected, fuel remains after the end of the one year nominal mapping mission and funding permits, a six month extended mission will be conducted with the emphasis on high resolution gravity, magnetic field and polar ice mapping. As mentioned above, the spatial resolution of most of the instruments is 150 km at the nominal mapping altitude. This can only be improved by reducing the mapping altitude, and this will be accomplished by putting LP into low altitude elliptical orbits during the extended mission. For example, an orbit of 10x100 km will not only improve the spatial resolution to 15 km at the periselene points, but will also improve the sensitivity of the NS water ice and DGE mapping by a factor of at least 100 and the MAG mapping by a factor of at least 1000.
VII. PROGRAM MANAGEMENT
A key element in meeting the Discovery goals is developing new ways of doing business. During the early development of the Discovery program, the principal author and others evolved a number of management concepts meant to reduce cost while still ensuring the proper fiduciary responsibility of NASA and achieving mission success. With a total real year budget of $63M (including launch vehicle) and a hardware development time of 22 months from go-ahead through test complete, the LP mission has incorporated these new operating methods which have enabled us to truly demonstrate the "cheaper, better, faster" paradigm. It must be noted that during development, it became clear that the concept of "cheaper, better, faster" had the potential to be misinterpreted. LP management constantly reminded the team that significantly reducing programmatic elements such as reporting and formal reviews (for example) did not justify inattention to design or fabrication details.
At the core of the success achieved thus far has been a lean management structure where the key responsibilities are clearly defined and where continuous, open communications are routine. To successfully manage such a low-cost, fast-paced effort, the NASA Mission Office adopted a management and contracting approach which emphasizes science data return and top-level requirements rather than details of hardware design. This policy was reflected in the contract statement of work which spells out the quantity and quality of data to be returned but allows the contractor significant flexibility in design decisions within the proposed mission approach.
The entire $63M cost plus award fee prime contract was negotiated and awarded to LMMS by ARC just 30 days after proposal selection. Although the Discovery program involves an experiment in performanced based contracting which is a significant departure from traditional NASA space mission development, use of taxpayer's money nevertheless entails a certain level of oversight. To meet these conflicting goals, the Mission Office developed a management style which balanced programmatic oversight (overall budget and schedule) with technical insight to achieve a proper balance of control while letting the contractor make cost effective design decisions. Large scale formal reviews were minimized -only one NASA Independent Readiness Review (IRR) per year was required, and those were scheduled to coincide with the normal reviews which a project would routinely hold. In place of these formal reviews was daily interaction among the NASA and contractor management and staff NASAmanagement staff was limted to -3 full time equivalents.
To meet the stringent programmatic requirements, the PI played an important role in keeping the project goals focused on the original proposal. It is common in space science missions to observe a significant growth in both science objectives and science instrument mass during the development. In the LP project, the PI played a "hands on" role in monitoring and directing the instrument and interface development. This close attention resulted in a final suite of science instruments which meet or exceed performance requirements at a cost and mass essentially unchanged from the Phase B study.
Keys to meeting the project requirements in a highly cost constrained project included: 1) co-located staff with handpicked system leads who could serve multiple roles in design and test, and 2) use of a carefully balanced skill mix of junior engineers and senior staff to provide design rigor while minimizing cost. Contingency margins were extremely tight from the beginning of the program. To maintain reserve, staff were moved quickly on and off the program, thereby limiting labor charges to project essential activities. Detailed scheduling was established and reviewed. Key milestones were generally held constant but significant flexibility was allowed in rearranging subtasks in order to maximize the availability of personnel and facilities.
Throughout the project, the simple point design which was established in Phase B was followed. Changes were minimized, and trade studies were discouraged unless compelling engineering or science reasons required it. Details of this innovative management approach may be found in Hubbard et a1 [ 11.
VIII. EDUCATION AND OUTREACH
Clearly the outstanding success of the Mars Pathfinder mission and its enormous media impact indicate the rejuvenated public appeal of space science missions. The focus in this section is to highlight those aspects which we believe to be innovative or novel.
The mission has dedicated a significant amount of resources to public access via the internet. A NASA ARC data visualization project which for the first time will allow the public to follow real-time science data acquisition is well underway. A preliminary Web site has been posted since late July, and a very extensive, data-inclusive site has been designed and is currently being implemented. (URL is http://lunarprospector.arc.nasa.gov) Available through the site will be historical and scientific background information, the real-time data acquisition, audio and video clips and images. The site is being designed with a variety of users in mind; several viewing options will make access possible for a wide range of technological capabilities (e.g., modem rates).
IX. SUMMARY AND CONCLUSIONS
Lunar Prospector, the first competitively selected mission in NASA's Discovery Program, represents an experiment in science, engineering, management and outreach. After being selected for flight in Feb., 1995, we finished the design of the spacecraft and then began construction on Oct. 1, 1995. This phase ended within budget just 22 months later in August, 1997.
At a total cost which is a small percentage of previous lunar robotic missions (= 20%), yet with modern instrumentation which achieves a large fraction of the lunar science objectives, LP is undoubtedly one of the most cost-effective planetary missions ever developed. Whether this experience can be repeated with other missions is yet to be determined, but the stage is set for a new wave of high value, low cost exploration missions.
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